1 Plants obtain soil-resident elements that support growth and metabolism via water-2 mediated flow facilitated by transpiration and active transport processes. The availability of 3 elements in the environment interact with the genetic capacity of organisms to modulate element 4 uptake through plastic adaptive responses, such as homeostasis. These interactions should cause 5
A stepwise algorithm, implemented via stepwiseqtl in the R package R/qtl (13), was used 1 1 0 to map QTL for seed weight and 20 seed elemental phenotypes. The stepwise algorithm iterates 1 1 1 through the genome and tests for significant allelic effects for each marker on a phenotype. Forward and backward regression was used to generate final genome-wide QTL models for each 1 1 3 trait. This QTL mapping procedure was completed for each of the IBM populations from each of 1 1 4 the 10 environments for all 21 traits as separate analyses. QTL significance were determined 1 1 5 using the 95 th percentile threshold from 1000 scanone permutations as a penalty score for adding 1 1 6
QTL to the stepwise model (14). The environmental dependence on QTL detection was first estimated by identifying QTL 1 1 8 common to multiple environments. If QTL detected in two or more growouts affected the same 1 1 9 element and localized less than 5 cM apart they were considered to be the same locus. Across the 1 2 0 10 environments, a total of 79 QTL were identified for seed weight and 18 of the 20 elemental 1 2 1 traits tested (none for Al or Co) ( Fig 1B &C) . Of these QTL, 63 were detected in a single 1 2 2 environment and 16 were detected in multiple environments. The 16 QTL found in multiple 1 2 3 environments included QTL detected in nearly all of the environments and QTL detected in only 1 2 4 two. One QTL for Mo accumulation, on chromosome 1 in the genetic region containing the 1 2 5 maize ortholog of the Arabidopsis molybdenum transporter MOT1 (15), was found in nine 1 2 6 environments ( Fig 1A) . Another QTL affecting Cd accumulation, on chromosome 2 and without 1 2 7 a clear candidate gene, was found in eight environments. Other QTL were only present in a 1 2 8 smaller set of environments, such as the QTL for Ni accumulation on chromosome 9, which was 1 2 9 found in five environments ( Fig 1D) . The strength of association and percent variance explained 1 3 0 8 showed strong differences between environments even for these QTL that were detected in 1 3 1 multiple environments (Table S2) . accumulation traits using the B73 x M017 intermated RIL population grown in 10 environments. Chr1 is shown on the x-axis (in centi-Morgans). The LOD score for the trait-genotype As seen in the full-genome view of all QTL colored by environment ( Fig 1C) , there is a 1 4 9 high incidence of QTL found in single locations. There are three hypotheses that could explain 1 5 0 the large proportion of QTL found only in a single location: 1) strong QTL by environment combinations tested (20 traits in 10 environments), the number of QTLs detected is much larger 1 5 7 than the null expectation derived from a Bonferroni correction: 10 QTL (95 th percentile 1 5 8 threshold) and two QTL (99 th percentile threshold). To account for false negatives, we scanned 1 5 9
for QTL using a more permissive 75 th percentile cutoff. Of the 63 single-environment QTL, only 1 6 0 nine had QTL in other environments by this more permissive threshold. Thus, the majority of the That QTL detection was so strongly affected by environment suggested that the effects of These results, however, did not specifically test for QTL by environment interactions (QEI). Comparison between environments in our data is additionally complicated because different 1 6 8 subsamples of the IBM population were grown at these different locations and years. While there 1 6 9 1 0 are many different approaches to identifying QEI described in the literature (summarized in El- was assigned as the trait value for that RIL genotype for QTL detection (20, 21). amenable when data are available for the same lines grown in every environment, which was not The first equation fit (1) is the full model considering the phenotype of individual i (y i ) as (2) from the full model (1) will isolate the effect of genetic by environment interaction. The program R/qtl was used to fit QTL using both the full and reduced models for sample 1 9 8
weight and 20 elements, with three locations encoded as covariates in the environment term. For (fitting the two models with randomized data and then subtracting LOD scores). Even with this 2 0 4 underpowered dataset, 10 QTL by location interactions exceeded the threshold (α= 0.05, Table   2 0 5
2). Interactions between QTL and location are likely to be due to a combination of soil and 2 0 6 weather differences across different locations. In the case of Ni, our initial single-element QTL 2 0 7 mapping conducted separately on data from each environment identified differences in QTL 2 0 8 presence or strength between FL, IN, and NY locations for a QTL located at the beginning of 2 0 9 chromosome 9 (Fig 2) . This QTL corresponds to a locus found to have a significant QTL by 2 1 0 location effect ( of Cd content in the grain (Table S3 ) and therefore is unlikely to be affected by crossing a 2 1 6 detection threshold driven by higher Cd in the soils at those locations. The lack of direct 2 1 7 correlation between QTL significance and grain content also occurs for the loci with strong by- by environment interactions rather than genotypes assessed in a single soil environment. Year to year variation will also have effects due to 2 4 1 differences in rainfall, temperature and management practices. To examine variation that occurs 2 4 2 within a location over different years, we examined the intra-location QEI in the three locations elements. This approach identified loci affecting phenotypic differences between the same lines 2 4 6 grown on the same farm but in different years. Six QTL were found for FL05-FL06 differences, one QTL for IN09-IN10 differences, and two QTL for NY05-NY12 differences (Table 3) . These experiment where a locus was present for one year but not the other or the QTL was found in 2 5 0 both years with differing strength (Fig 3A, B, C) . Six of the difference QTL were detected at 2 5 1 locations where no QTL were detected when the years were mapped separately, revealing novel improve our understanding of the factors controlling plant elemental uptake and productivity. Given the high levels of variability that the interaction between genotype and environmental 3 0 8 factors can induce in these traits, conventional breeding approaches that look for common 3 0 9
Fig 2. Significant QTL-by-Location Interactions Reflect Variation in Single Environment
responses across many different environments for a single trait may fail to improve the overall 3 1 0 elemental content, necessitating rational approaches that include both genetic and environmental Here we have shown that the maize kernel ionome is determined by genetic and 
